Shoemaker-Levy 9: Distribution of’ Radiant Energy

Terry 7. Martin
Glenn S. Orton

T.Z. Martin and G.S. Ortonare a Jet Propulsion Laboratory,
Mail Stop 169-237,

4800 Oak Grove Drive,

Cdlifornia Ingtitute of Technology,
Pasadena CA 91109 USA

temartin@jplpds jpl nasa.gov

go@orton jp! nasa.gov

Submitted to Planetary and Space Science, November 1996

Revised March 1997



Abstract

Multicolor Galileo observations of severa SL9 impacts permit derivation of
size and temperature information for the fireball phase. Integration of light
curves yields total fireball radiant energy estimates. Event Q 1 has an initial
color temperature of 24000 K. Total radiant fireball energy for G was 8.3 x
1024 ergs. The largest event, L, is estimated to be 1025 ergs. Modelling of
total energy radiated during the fallback phase shows a much larger energy
release during that period - up to 4 x 1026 ergs for L. The mass required to
provide the equivalent kinetic energy is about 1x 1013 gm, which is a strong
lower limit to initial fragment mass. The fallback energy derived for the R
impact is 1 x 1025 erg, with the strongest spectral constraints. Fallback
energies for H and QI are about 4 x 1025 erg, derived from only two
spectral points. The fallback energies extrapolated from the 2.3-m
lightcurves of the G and K impacts are 7 x 1025 and 9 x 1025 erg,
respectively. Uncertainties of the fallback energies arc up to an order of
magnitude. Improvements to these estimates and their uncertainties will
derive from the application of more detailed physical models.

introduction

The kinetic energy transported into the atmosphere of Jupiter by the fragments of
Shoemaker-Levy 9 during their impacts is transferred into severa different forms. Among
these arc temperature changes of the atmosphere, various types of waves, radiation escaping
from the impact events, and the kinetic energy of the material involved with the upwelling
plume and rising fireball. With the re-entry of the latter into the atmosphere, there is further
acoustic and radiative escape of energy, as well as heating of the Jovian stratosphere.

The purpose of thiseview isto determine reasonable bounds to the radiative ciergy
observediirom the impacts. +. !iich can then seiv . as aminimum estinate of the energ: ot the
incoming fragment, aswc | | s serve as a boun. lary condition fordetailed physical .ol
The information determined by this study becomes a useful mceans to elucidate more
information about the impact events. For example, wc make a first-order estimate of the
effective radiating temperature at different times during the impact phenomena.

For the purpose of this review, our approach will be to examine Galileo remote sensing
data for a means of estimating the total radiative energy output from the bolide and fireball
phases of the impact events, using terminology adopted during the last Shoen]akcr-Levy 9
conference (cf. Chapman 1995, Nicholson 1995) and used widely in the SL9 literature. We
then examine the suite of available ground-based observations of the subsequent fall-back
phase or “main event” to estimate the considerable energy released during that phase. We
purposely review only events also observed by Galileo in order to provide a focus for this
review and also to attempt to establish a relationships between the observed phenomena.



Fireball Phase

The initial fireball phase of several S1.9 impacts were well observed by the Galileo
spacecraft (Martin et al, 1995; Carlson et al, 1995a; Hord et al, 1995; Chapman et al,1995).
We mean by the term “fireball” the hot expansion phase of the entry corridor, as well as any
terminal explosion. Although the geometry of the emitting region is complex (Boslough et al,
1995), probably involving a*“line charge” that radiates, expands, and cools along its length,
wc model the emission here for simplicity as that of a spherical blackbody, growing and
cooling with time. This model provides a ready means of intercomparing, different impact
events, as well as assessing total radiant energy.

We focus here on two events, G and Q 1, for which multicolor information is available.
G was observed by the Ultraviolet Spectrometer (UVS), Near Infrared Mapping
Spectrometer (NIMS), and Photopolarimeter Radiometer (PPR) experiments at wavelengths
from 292 nm to 5 pim, with a 5.3 sec sampling interval. Q 1 was observed at 678 and 945 nm
by the PPR with al.3 sec sampling interval.

The individual measurements have been described elsewhere (Martin et al, 1995;
Carl son et at, 1995a; Herd et al, 1995; Chapman et a, 1995). The process of combining the
UVS, PPR, and NIMS data involves placing them on a common timeline, in @& common
physical unit, and then modelling the data available within each of a number of time bins.

The observed radiance at a given wavelength arises not only from the fireball, but from
light reflected by underlying clouds. That contribution, which varies with wavelength
depending on cloud reflectivity, is subtracted to find the fireball radiance alone. We believe
that most of the fircball emission comes from above the clouds based on the modclling by
Carlson et a (1995a) of band absorption in the near IR spectrum of the G event. They found
apressure level above about 200 mb for the upper fireball surface, which isabove the likely
ammoniacloudtop.

The reflection of the cloud is modelled to be 3Agas0, Where Ag isthe cloud geometric
albedo and 6 is the angle of Galileo from the zenith. 1ghis equation arises from an integration
of the intensity from a spherical fircball seen at the suiface of an underlying planar cloud.
Values Of the albedo (Table 1) were taken from the work of Karkoschka (1 994) for
wavelengths below 1pm, and from Carlson (1995b) for the NIMS wavelengths. The
a bedos are those of the Jovian disk, presumed to apply to the ammonia cloud deck aone.

For each time, an iterative manual process selects a single temperature and blackbody
diameter to fit the set of measurements:

S, (1) =w()B, (T()) (1)

where @ is the volid angle represcnted by the firebai 1, anti B is the Pionck function of
w avelength and temperature. Afte doing this fitting for cach of the time steps, asccond pass
is made, using the first pass results as a guide. 1t isassumed that the temperature declines
with time, and the diameter increases. We show in Fig. i the collection of radiance values
used for G, and in Fig. 2 the resulting model surface S(t) that expresses the changing spectral
energy distribution. Note that the model shows a peak radiance occurring in the visible range
at about 6 seconds. That is both a wavelength and time not sampled by Galilco.

For Q1, the raw PPR data involve a low signal to noise ratio (Marlin et ai, 1995). We
chose to smooth the data by drawing light curves through the points (Fig. 3), scaling the
results of larger events at 945 ntn (Martin et al, 1995) and the peaked behavior of the SS1
data for W (Chapman et al, 1995). In this way, wc can extract a relatively well-behaved
spectral energy distribution for Q 1, using the same approach as for G. Our coverage of the
spectrum is of course much reduced. The peak of the 678 nm curve for Q 1 is clearly much
larger than at 945 nm, implying a high color temperature. This determination depends
criticality on the accuracy of that flux ratio, which is affected by noise and by the calibration
of those two channels of the PPR. We believe that, in spite of the noiselevel apparent in Fig.



3, [he overal curve can be drawn with some accuracy, and that the ratio is unlikely to be in
error by more than 25 %. The nominal uncertainty of the ratio is consistent with color
temperatures in the range 9500-60000 K. The relative calibration was to have been checked

in June 1996 during the first Ganymede encounter, but the PPR suffered a filter wheel
anomaly prior to the calibration, leaving the instrument in aradiometric filter position. Such

high temperatures and Planck spectral behavior arc consistent with the predictions of several
researchers for a shocked gas environment (Ahrens, 1994; Chevalier and Sarazin, 1994,
Borovicka and Spurny, 1996). Wc can not rule out, however, the existence of line emission

with the meager spectral coverage available.

The resulting temperature and diameter data (Figs. 4, 5) revea several interesting
features. Note that the G data, with lower time resolution, must be time aligned with Q 1 in
order to intercompare the two cases. We do not know the time origin as well for G due to the
5 sec sampling. The chosen alignment expresses the feeling that G would likely show greater
energy than Q 1 in the first few seconds. In this case, initial G data were not sampled by
Galileo, and would have shown even greater radiance in the seconds preceding the first
UVS/PPR detection. It seems unlikely that the weaker Q 1 event would have produced color
temperatures higher than those found for G.

The temperatures of Q 1 fall faster than those of G, most likely due to more effective
radiation through a smaller volume of heated material. The G fireball grows in size faster,
consistent with a greater total energy.

Wc may integrate the area beneath the spectral energy distributions for G and Q 1 to
derive an estimate of the total radiated energy in the fireball phase. It is apparent from Fig. 2
that the bulk of the arca isin the first 20 seconds of the events. Although wc do not sample
wavelengths near the blackbody peak for al that time, it is unlikely that the integral isin error

by as much as a factor of two. We derive energies of 8.4 x 10“ergs for G and 3.2 x 1024
ergsfor QI.

The radiant energy wc compute here is not necessarily the largest part of that converted
from the initial kinetic energy. Indeed, the encrgy radiated further in the infrared minutes later
during the "fallback" phase appears to excced the initial fireball radiation. The fallback
portion of the energy is converted from the kinetic encrgy of the rising fireball.

Since both G and Q 1 were measured at 945 nm, wc may plot their peak flux at that
wavelength versus total radiant energy (Fig. 6). This relationship offers a means of
characterizing the other impacts for which wc obtained 945 nm data, namely H and L (Martin
et a, 1995). The H event appears intermediate in intensity, while L is the largest of all, with a

total fireball radiant energy of about 1 x 1025 ergs.

The PPR 945-rim lightcurve data represent a unique set of observing circumstances. In
order to establish asca'"ne that can be app'icdto other impact<not observed by:1..-PPR, we
might also determine .+~-aling between th- total fireball radi:nt energy or the peuk 945-rim
flux (Fig. 6) and othci characteristics 01 the observed ground-based lightcuives. One of
these, for example, would be a scaling between the peak 945-11111 flux and the peak observed
flux in the “first precursor”, representing the earth-based view of the bolide radiation, or the
199%Cé331d precursor”, representing the earth-based view of the fireball radiation (Nicholson

a).

There is a wealth of available data. Table 2 lists al the observations made of the
Galileo-observed impacts, although not all these data sets have becen published yet.
Observations of both precursors were made by several observatories at 2.3-pm, a
wavelength that was popular because radiation from Jupiter’s disk is minimized by strong
CH4 and H2 absorption. Among the impact phenomena observed by the PPR at 945 nm,
only the first precursors for H and L were observed and calibrated radiometricall y, and those
were from Calar Alto (Hamilton et al. 1995). Second precursors, characterizing the radiation
emitted by the fireball rising over the planetary limb, were observed for the G, H, L, and Q 1



impacts at Calar Alto (Hamilton ct al. 1995), Mt. Stromlo (McGregor ct al. 1995), and the S.
African Astronomical Observatory (Takeuchi 1996).

Isit possible to establish a universal scaling? Figure 7 shows the relationship between
the peak 945-nm flux observed by the PPR and the peak 2.3-um flux measured by the
various ground-based observatories. For both the H and L observations, the highly sampled
and relatively accurate lightcurves observed at Pic du Midi (Drossart et a. 1995) were
normalized to the calibrated flux observed by Hamilton et al. (1995); this was important for
the L event, as the Pic du Midi observations included a pronounced second-precursor local
maximum at a point where there was a hiatus in the Calar Alto measurements.

The substantially non-linear nature of the relationship shown in Fig. 7 is unexpected,
particularly given the mere 20% difference between the peak 945-nm fluxes of the G and L
impacts (Fig. 6). While it isthe L impact radiance that appears to digress from linearity the
most, it isthe G impact radiance that islikely to be too low, asthe data at 2.3 pm are derived
only from the Mt. Stromlo observations (McGregor et al. 1995), which have a coarser time
sampling than the other observations. The uncertainties characterizing the absolute
radiometric calibration of many of these results arc unreported. As wc demonstrate below,
several observations of the same event at a wavelength of 2.3 pm show differences of the
peak flux on the order of 50%. Keeping that in mind, the PPR 945-rim flux of the R impact
(recorded but not returned to Earth) is probably on the order of’ 1.1 x 10-14 W m-2 pm-1,
based on the wcl]-established Kcck observation of the second precursor flux (Graham et al.
1995), which is about 8 x 10-13 W m-2 pm'1. The relationships suggested by Fig. 6 and Fig.
7 together can also provide a means for relating this value to the total radiant energy lossin
the bolide/fireball phase for impacts not observed by Galileo. Further data from the SPIREX
South Pole astronomical station, which covered the largest number of impact events, might
help further to verify this scaling.

I-allback ("Main I ivent") Phase

A fairly sophisticated physio-chemical model is required to describe the radiation
emerging from both continuum and line emission sources during the atmospheric shock re-
entry of atmospheric dust and gas during the fallback stage of cach event. Such models do
not yet exist. Zahnle ( 1996) estimates the total impacting energy for fragment R as~4 x1026
ergs. Estimates of the temperature characteristic of the fallback emission have been derived
from NIMS data (Carlsonect a. 1995) as 300 K (4-5 pm), or -1000 K (2-4 pm); from
Palomar 3-13 um observation as 550-1000 K (Nicholson et al 1995b); and from the A AT
2.0- to 2.4-yin spectral observations as 400 K near the start of the fallback event and 600-
800 K later (Meadows and Crisp 1995). Onc of the potential problems with these estimates is
a confusion between continuum emission from gases and dust with gaseous line emission,
which may also be non-1.TE in nature (Meadows and Crisp 1995). Another is a failure to
emulate wavelength-depe lent emissivity of dust accurately, compounded by af ilurc to
accountfor weak and uni:odelled gaseous continuum absorption or emission at «i:-h high
temperatures.

Our approach here is more heuristic, with a very limited goa of estimating the fallback
energy, using some simplifying but reasonable assumptions. First, we assume that the area
of emission is constant with time and defined by the area of the dark visua ejecta (e.g.
Hammel et al. 1995) or thermal glow pattern (Orton et a. 1995). Second, wc assume a
blackbody spectral distribution fit to the spectrum observed over a broad wavelength range.
Third, we assume that the emission is isotropic, i.e. arising from an optically thick region,
gualitatively consistent with the high opacities required by Zahnle and MacLow (1995) to
match the R impact lightcurves a wavelengths between 2.3 and 4.5 pm. The resulting
emission is then scaled point-by-point in time to the observed lightcurve. This simple
modelling accounts for the basic geometric variation in area of the emitting region visible to
the earth-based observer at any given time.

We have combined data sets to create a continuous ~2-pm lightcurve for impacts C, H,
K, L and R (Figures 8-12 respectively). While of great interest for comparison with Galileo



results, the only accurate lightcurve for the G impact yet available is from Mt. Stromlo
(McGregor ct a. 1995). Longer-wavelength observations from Keck and the IRTFE extend
only to 5 um, and only part of the lightcurve was observed, under difficult weather
conditions. Although of no direct interest for comparison with Galileo results, the C impact
lightcurves (Fig. 8) arc instructive in the sense that (hey help to characterize the absolute
calibration differences between various observatories. The main event observations from the
IRTF (Orion et a. 1995; Goguen 1996) and Okayama (Takeuchi et al. 1995) arc in excellent
agreement, but the Mt. Stromlo observations arc some 50-6090 brighter. For the H impact
(Fig. 9), the recently reduced lightcurve observed at the S. African Astronomical Observatory
is very useful in completing the lightcurve observed only partially without saturation at Calar
Alto (Hamilton et a. 1995), and the two agrec well where they overlap in time. For the K
impact (Fig. 10), the Okayama lightcurve (Takeuchi et a. 1995) is -2 -2.5 times the Mt.
Stromlo lightcurve (McGregor ct al. 1995). Weather or divergent calibration systems might
be responsible. McGregor et al. warn that the observations of the brightest events may have
easily saturated their detector, anti their lightcurves might best be considered lower limits - a
consideration which should probably be applied to their G impact lightcurve. For the 1.
impact (Fig. 11), wc have shown an upward scaling with a small offset in time for the K
impact lightcurves given in Fig. 10. These help to fill in the gap where the Calar Alto
lightcurve (Hamilton et al. 1995) became saturated. For the R impact main event (Fig. 12),
the Keck and Mt. Stromlo lightcurves arc in excellent agreement, although the precursor
observations recorded by Kcck arc substantially higher. Thus, though systematic problems
such as detector saturation may have created differences as high as factors of 2 - 2.5 in the
observations of the brightest impacts, the worst disagreement wc note is no more than 60%
for the C impact main event. Most of the observations wc considered above are consistent
with one another at the 10- 20% level.

Estimates of the temperature of the fallback phase arc shown in Figures i3 - 16. For
most of the observations, thisis a crude two-wavelength color temperature. However for the
widely observed R impact (Fig. 13). observations span 6 wavelengths between 2.3 and 12.5
pm. Blackbody temperatures between 900 K in the earliest phases and 700 K in the later
phases of the R main event arc characteristic of the gross spectral shape. The 700-Kelvin
blackbody curve, in fact, dotsextremely well at fitting the spectrum of the fallback radiation
at its peak some 10 min. after impact. At later times, (he bright 10.3-pm spectral peak
observed at the IRTF (Friedson et al, 1995) likely arises from silicate emission in the fallback
material, as seen in the Palomar spectrum (Nicholson et a 1995b). The impact regions arc
prominent at this wavelength for many days afterward (Orton et al. 1995). The temperatures
for H (Fig. 14), L (Fig. 15) and QI(Fig. 16) all use the 11 .9-pm observations taken at the
Nordic Optical Telescope (Lagage et a. 1995) to determine the color temperature. A reference
to Fig. 13 shows that those measurcments may miss important emission from the 10-ptm
region, although the absolute values appear to be higher. These derived temperatures fall
within a range roughly bounded by -400-900 K. The center of this range and its extremes
can be used to define broad limits to a spectral distribution that is constantin time. Although
itisasimplificaiion of time varial i conditions, the 1 viige of temperatuicsin the models is
sufficient to defi.. .. variation of :».-ctral distribution:or most of the maiicvent.

The integration of the total radiative output of the fallback phase can be computed,

assuming a spectral distribution derived from a blackbody whose temperature is constant in
time, from any single observation set, using

E=nD’ pj 20F ™ (A,,t)dt @

Q)

for the optically thick case, or

obs

E=2nN jF (A,,t)dt 3



for the optically thin case, where D = distance to the observer; A = diameter of the emitting
area; €20 = solid angle subtended by the emitting area on a plane normal to the line of sight;
Q(t) = solid angle projected by the emitting area to the observer; Fxobs (Ag,t) = observed
flux; and, assuming that F, is proportional t0 Ba(Tefr),

_JB(T )dA

T B Ay

The value of p is easily determined and is fixed for a given temperature and wavelength
(Table 3). The self-consistency of the radiative output for the same impact from a variety of
wavelengths using this technique can be used to indicate the extent to which the temperature
assumptions are vatid, although it is only an aternative means for illustrating the spectral
distributions shown in Figs. 13- 16.

The presence of a spectral feature attributable to silicate particles in the spectrum of
Nicholson et a (1995b) and their solution for the optical thickness of the emitting layer, 1=
0.02, favor the optically thin approximation. Note that Eq. (3) is equivalent to Eq. (3) of
Nicholson et a ( 1995b) without the wavelength dependence of emissivity.

To first order, wc would expect the estimate of the total radiative energy output to be
independent of the size or geographic distribution of the emitting area. Even for the optically
thick approximation (Eqg. 2), it is only the ratio of the emitting area to its projection toward
the earth-based observer that matters; the product of the radiative power and the emissivity
are subsumed together and constrained by the observation itself. However. in the first few
minutes of the obscrvation, it isclear from Figs. 9- 12 that the emitting area s not even past
the planetary limb and the effective emitting area must be well beyond the single point of
impact. Thisimplies that the estimate must include radiation not observable from the earth if
the emitting area is optically thick. On the other hand, both the carth-b ased fallback
lightcurves for Gand R and those of the NIMS instrument show similar times for the onset
of the “main event”, demonstrating that (hem were probably no “main event” phenomena
unobserved from the carth. It is also probable in an optically thin case that when the impact
siteis still nominally behind the limb, its altitude is sufficiently high that it can be detected
from the earth, gaseous attenuation by H; absorption and Rayleigh scattering being negligible
at these wavelengths.

We can place some limits on the emitting region. It is clear from the earliest impacts,
which were farthest from the limb, such as C (Fig. 8), that the rise of the main event
lightcurve occurs- ! while the impactpoint was some ¢ 7* in longitude fi 1 the planetary
limb. Observations at various wavelengths made at the IRTF show thatithe emission is
generally coincident with the regions thatare visually dack with impact ejecta (c.g. Hammel et
al. 1995), at leastlate in the lightcurve. For the purposes of this review, wc make two
limiting assumptions. (1) the fallback radiation is uniformly distributed around the area within
7° of the impact site, (2) the radiance is uniformly distributed around an area within 13° of
the impact site, this value corresponding to a rough mean over impacts for the outermost limit
of the dark gects "fan" from the impact site. We note that it is possible that the emission has a
non-uniform spatial distribution. The areas closest to the impact point appeared brighter than
the gects regions in the IRTF data. However, this distribution has not yet been measured,
and for now we retain our more ssimple assumption of uniform brightness.

Table 4 shows the results of this approach. It is clear that the 2.2 and 2.3-pm
observations arc most sensitive to the various assumptions about the blackbody temperature
controlling the spectral distribution. The difference between the sizes of the emitting disk
appears to make at most a 30% difference in the results. However, we caution that the



emission is not radially symmetric about the impact point . The broadly observed R impact
shows the greatest internal consistency if one assumes a relatively high value for the
equivalent blackbody temperature, about 800 - 900 K, with values of 1 x 1025 erg.
However, this result is relatively low; for example, it is comparable to the energy derived
from the Q 1 impact. This is largely the result of the lower longer-wavelength flux for R from
the IRTF (Friedson et al. 1995), relative to those of the Nordic Optical Telescope (1.agage et
al. 1995) for the other impacts. The appropriate choices for the other two-color “spectra’ are
less obvious, and our adopted values for the single-color observations are simply taken from
the 650-K “mean” temperaturc. Such a level of approximation dots not warrant detailed
intercomparisons between the total impact energies of the various impacts.

Despite the fact that these numbers are probably uncertain by up to an order of
magnitude, some conclusions can be reached. First, the numbers arc consistently larger than
those for the bolide/fireball stage. Thisis both aresult of the length of this phase in time and
the much larger area covered by the emission (Zahnle and MacLow 1995). For the L impact,
Bézard et al. (1996) have estimated that the total energy deposited by the impact into the
thermal ization of the stratosphere is about 3 x 1026 ergs, implying, to the uncertainties of this
crude numerical review of the data, a rough equipartition of the energy between the faliback
phase radiation and atmospheric heating.

The radiant energy estimates may be equivalence to the kinetic energy of a fractional
part of the initial fragment. This forms a strong lower limit to the mass of the fragment,
Assuming an initial entry speed of 60 km/sec, the largest impact fragment (L) would require
2 x 1013 gm to supply the energy radiated in the fireball and fall back phases. The smallest of
the set described here (R) would require a mass at least 7 x 10!l gm. At a density of 0.5
gm/cm3 (Asphaug and Benz, 1994; Solem, 1994), these masses imply diameters of210 and
70 m, respectively, but we emphasize that mass is the more strongly constrained parameter.

1(isinteresting to compare the relative contribution of the fireball radiation, well
observed by Galileo, and the larger fallback phase infrared radiation. For G, wc calculate that
the fireball radiant energy was 4% of the total. On this basis, it seems unlikely that the
carthbased observers missed a large part of the radiated energy.

Future work.

Thereis clearly more work that can be done to determine a better spectral distribution,
the best being simple models to fit data from diverse spectral regions, such as those from the
Anglo-Australian Telescope (Meadows ct al. 1995), Palomar (Nicholson et al. 1995), and the
Kuiper Airborne Observatory (Sprague ctal. 1996) broad spectra of the various impacts.
However, there are also additionat data sets, including the South Polar SPIREX data at 2.22
and 2.36 pm (Severson 1996), and European Southern Observatory TIMMI data at 10 pm
(livengood et &' 1995), that havevet to be publisticd in a final calihrated form. A
(quantitative checteanbe made onthe accuracy of mode i< for tile earliest 1 1iation f, the
fireballin the casc of the G and R impacts by comparing w-ith NIMS observations.

We thank several investigators and their teams for making data available to us in
numerical form: J. Graham and |. de Pater, P. Lagage, P. McGregor, P. Nicholson, and S.
Takeuchi - particularly for his S. African Astronomical Observatory lightcurves in advance of
their publication. We also thank K. L. Jessup for information on the distribution of impact
gects, and R. Carlson for suggesting the importance of cloud reflection. This review was
funded by the Galileo Project Office and This research was carried out by the Jet Propulsion
Laboratory, California Institute of Technology, under a contract with the NASA Office of
Space Science, Planetary Astronomy Discipline through the Shoemaker-Levy 9 Data
Analysis program.
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Figure 7. Plot of the peak “second precursor” flux measured from various ground-based
observatories near 2.3 yum Vs tile bolidc/fireball flux measured at 945 nmby the Galileo
Photopolarimetcr/Radiometer. A curve going through most of the data is also shown. The
small inconsistency of this curve with the measured Q 1 points may be aresult of the larger
uncertainties associated with the relatively faint Q 1 event.

Figure 8. The lightcurves for the C impact observed at 2.3 pm at Mt. Stromlo / Siding
Spring Observatory (McGregor et a. 1995; filled circles), Okayama Astrophysical
Observatory (Takeuchi et a. 1995; open circles), and the NASA Infrared Telescope Facility
(Orton et al. 1995; Goguen, 1996; filled diamonds). The time corresponding to the impact
point crossing Jupiter’s limb onto the observable disk is noted by the vertical dashed linein
this figure and in Figs. 9- 12. Note the good agreement between the Okayama and IRTF
observations for the main event; the Mt. Stromlo observations are some 55% higher.

Figure 9. The lightcurves for the I | impact observed at 2.3 pum at Calar Alto Observatory
(Hamilton et al. 1995; filled circles), Pic du Midi Observatory (Drossart et al. 1995; filled
diamonds), and the South African Astronomical Observatory (Takeuchi 1996; open circles).
The Pic du Midi data lack absolute radiometric calibration and have been fitted to the other
data sets using a constant best fit scaling factor. Note the excellent agreement between the
absolute radiometric calibration of the Calar Alto and South African data.

Figure 10. The lightcurves for the K impact observed at 2.3 pm at Mt. Stromlo/ Siding
Spring Observatory (McGregor et a. 1995; filled circles) and at Okayama Astrophysical
Observatory (Takeuchi et al. 1995; open circles). The Okayama observations appear to be
some 2 -2.5 times higher than those of the main event observed at Mt. Strom lo.

Figure 11. The lightcurves for the I. impact observed at 2.3 um at Calar Alto Observatory
(Hamilton et al. 1995; open circles) and Pic du Midi Observatory (Drossart et al. 1995; filled
diamonds). Just as for the H impact, the Pic du Midi data lack absolute radiometric
calibration and have been fitted to the Calar Alto data set using a constant best fit scaling
factor. The Okayama and Mt. Stromlo K lightcurves presented in Fig. 10 are aso given here
after being scaled upward by afactor of 2.5. The agreement between the morphology of the
more fully observed K lightcurves and the incomplete observations of the I.lightcurve is
sufficient to use the scaled K observations as a substitute for a directly observed lightcurve
for the purpose of integrating the total lightcurve radiance.

Figure 12. The lightcurves for the R impact observed at 2.3 pm at Mt. Stromlo / Siding
Spring Observatory (McGregor ct a. 1995; filled diamonds) and the W. M.Keck
Observatory (Graham ct al. 1995; filled circles). Note the good agreement between these
lightcurves for the peak of the main event, although there are large differences in the
observed precursor flux.

Ficure 13. Radiomeiic observations o:ihe R impact at fifferentmoments nthe “main
event"lightcurve for the range of obseived wavelengths. ‘This plot incorporaies data from
Mt. Stromlo (McGregor et a. 1995), Keck (Graham et al. 1995), Palomar (Nicholson et al.
1995), and the NASA IRTF (Friedsonet al. 1995). An approximate best-fit color
temperature is also shown with the crude spectrum shown at each time step in this figure and
in Figs. 14- 19.

Figure 14. Radiometric observations of the H impact at different moments in the lightcurve
for the range of observed wavelengths. This plot incorporates data from Calar Alto (Hamilton
et al. 1995), Pic du Midi (Drossartet al. 1995, scaled as shown in Fig. 9), S. African
Astronomical Observatory (Takeuchi 1996), and the Nordic Optical Telescope (L.agage et a.
1995).

Figure 15. Radiometric observations of the L impact at different moments in the lightcurve
for the range of observed wavelengths. This plot incorporates data from Calar Alto (Hamilton
et al. 1995), Pic du Midi (Drossart et a. 1995, scaled as shown in Fig. 9), the Nordic Optical
Telescope (Lagage et al. 1995), and the average of K impact observations at Okayama



Astrophysical Observatory (Takcuchictal. 1995) and Mt. Stromlo / Siding Spring
Observatory (McGregor et a. 1996), scaled as shown in Fig. 10.

Figure 16. Radiometric observations of the Q 1 impact at different momentsin thelightcurve
for the range of observed wavelengths. This plot incorporates data from the S. African
Astronomical Observatory (Takeuchii 996) and the Nordic Optical Telescope (LLagage et al.
1995).
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Table 1. Cloud Reflection Parameters

Wavelength Geometric Albedo
292 nm 0.29
678 0.53
945 0.45
1.84 pm 0.05
2.69 0.20
4,38 0.02

Table 2. Earth-Based Data Corresponding to Galileo-Observed

Impacts
Impactor Instrument Wavelength
G Galileo UVS 292 nm
Galileo NIMS 0.7-5.3 pm
Galileo PPR 945 nm
Anglo-Australian Telescope 2-2.5 um
Mt. Stromlo 2.3 um
SPIREX 2.3 um
Keck 3.4 um
H HST W1/PC2 555-890 nm
Swedish Solar Telescope,1.a Palma \Y,
Gregory Coude Telescope 611 nm
Calar Alto 727 nm, 2.3, 3.1 pm
TIAC-80 750,892, 950 nm
Galileo PPR 945 nm
S. African Astron. Obs. 2.2 um
Pic du Nidi 2.3 um
SPIREX 2.36 pm
ESO 10 pm
Nordic Optical Telescope 11.9 um
K Galileo SS1 890 nm
Anglo-Australian Telescope 2-2.5 pm
Army Surveillance Testbed 2-15 pm (3 than.)
Okayama Astrophys. Ohs. 2.3 um
Mt. Stromlo 2.3 pm

SPIREX 2.36 pm



Q1

Gregory Coude Telescope
IAC-80

German Solar Vacuum Tower Tel.

Jacobus Kapteyn Tel.
Galileo PPR

Calar Alto

Pic du Midi

SPIREX

Palomar

ESO

Nordic Optical Telescope

Galileo SS1
Anglo-Australian Telescope

611 nm
750,892, 950 11111

890 nm
890 nm

945 nm
12, 23 pum
23 pm
2.36 pm
4.5 pm

10 um

11.9 pm

890 nm
2.3 pm

Swedish Solar Telescope, lLaPalma V

Gregory Coudc Telescope
Galileo PPR

Calar Alto

IAC-80

S. African Astron. Ohs.
SPIREX
Nordic Optical Telescope

Table Mountain ohs.

Galileo NIMS
Anglo-Australian Telescope
Mt. Stromlo

McDonald Obs.

Keck

SPIREX

Palomar

HST WE/PC?2

Galileo SSI
Anglo-Australian Telescope
Mt. Stromlo

611 nm
678, 945 nm

727 nm

750,892, 950 nm
2.2 pm

2.36 pm

11.9 pm

890 nm
0.7-5.3 nm
2-2<.5um
2.3 pm

2.3 pm

2.3 pm
2.36 pm
3.4, 45 um

555-890 nm
560 nm
2-2.5 pm

2.3 um



Table 3.

Scaling factors for conversion from one point in
the spectrum to the integrated blackbody spectrum ({tm)

A, tm T: 400 650 900 K

2.30 1543.3690 26.316815 6.6722950
3.30 82.075614 7.9095043 4.9027961
4.50 21.145553 6.7779603 6.2187126
7.90 11.189051 12.875135 20.082110
10.3 14.297633 23.747210 42.882729
11.9 18.057005 34.997028 67.179523
12.2 18.910885 37.537665 72.739992

‘I"able 4. Radiative Fallback Energy, erg, assuming emission
from a uniform disk

Optically thin Optically thick
Disk Radius: 7° 13° 7° 13°
G impact
Mt. Stromlo at 2.3 pm:
Tg= 400 K: 1.82x1027 629 X 10 154x1028 1.39x1028
650 K: 3.11x 1025 1.07x1026 263 X 10° 2.37 X 1026
900 K: 7.88x 1024 272 X 10°6.00 X 10° 6.00 X 10®
Adopted G Vaue: 7 x 1025
H impact
S. Africaat 2.2 pm:
T,= 400 K: 4.67X1026  161X1027 533x1027 4.93x 1027
650 K: 7.97x 1024 275 X 10°9.09X 1025 841X 10”
900 K: 2.02x 1024 697X 1024 230X 1025 213X1025
Nordic Optical Telescope at 11.9 pm:
Tg= 400 K: 356 X 10° 1.23 X 1026 2.13 X 1026 2.00 x 10'26
650 K: 6.89 X 1025 238X 1026  4.12x 1026  3.87 X 1026
900 K: 1.32 X 1026 456 X 1026 7.91 X 1026 7.43 X 1026

Adopted H Value: 4 x 1025



K impact

Okayama at 2.3 ptm:
Tp= 400K: 2.39 x107  8.24 x1027
650 K: 4.07 x 1025 1.40x 1020
900 K: 1.03 x 1025 3.56 X 1025

Adopted K Value: 9 x 1025

L. impact

Okayama at 2..3 pm, scaled upward by a factor of 2.5:

Te= 400 K : 5.97 x 1027 2.06 X 1028
650 K: 1.02X 1026 351 x 1026
900 K: 258X 1025 891 X 1025

Nordic Optical Telescope at 11.9 pm:

Ty = 400 K: 2.09 X 1026 7.21 X 1026
650 K: 4.05 x 1026 1.40 x 1027
900 K: 7.77 x 1026 2.68 X 1027

Adopted L Value: 4 x1026
Q1 impact

S. Africaat 2.3 um:

Tp = 400 K: 6.87 X 1026 2.37 X 1027
650 K: 1.17X 1025 4.04 x 1025
900 K: 297 X 1024 1.02 x 1025
Nordic Optical Telescope at 11.9 pm:
TB =40 K: 183 )\i()‘)s 632 X 10',
650 K: 355 %1025 1.22x107"
900 K: 6.81 x 10'25

Adopted Q1Value: 4 x 1025

R impact:
Keck 2.2-um:
Tp = 400 K: 3.81X 1026 1.31x 1027
650 K: 6.49 X 1024 224 X 1025
900 K: 1.65 X 10*

2.59 x1028 242 x1028
442 X 1026 413 X 1026
1.12X 1026 1.05x 1026
6.47 X 10® 6.06 x 1028
1.10 x 1027 1,03 x 1027
2.80 X 1026 2.62 X 1026
7.23X1026 870X 1026
1.40 x 1027 1.69 X 1027
269X 1027 324X 1027
846 X 1027 7.79 x 1027
1.44x 1026 1.33 x 1026
3.66 x 1025 3.37x1025
1.25X 1026 .13 x 1026
243X 1026 .19 x 1026

2.35 X 10" 4.67 X 1020 4.20X 1026

1.52 X 10”4.46 X 1027
2.59 X 1026 7.95 X 1025

5.68 X 10”6.57 X 1025 2.02 X 1025



Palomar, 3.4-pum:

Tgp= 400K:
650 K:
900 K:

Palomar, 4.5-pum:

Tp= 400K:
650 K:
900 K:
IRTF, 7.85-pm:
Tg= 400K:
650 K:
900 K:

IRTF, 10.3-pm:

Tg = 400 K:
650 K:
900 K:

IRTF, 12.5-pum:

Tgp= 400K:
650 K:
900 K:

Adopted R Value: 1 x 1025

8.58 X 10*
8.27 X 10
5.13X 1024

1.56 x 1025
499x 1024
4.58 X 10™

1.23 x 1024

2.96 X 1026
2.85 X 1025
1.77 x 1025

5.37 x 1025
1.72 X 1025
1.58 X 1025

4.24 X 10"

1.41 X 10" 4.88x 10*
2.21 X 10"7.61 X 10*

2.01 X 10"6.94 X 1024

3.34 x 1024
6.03 x 1024

1.57 x1024
3.29 x1024
6.06 X 1024

1.15X 1025
2.08 X 1025

5.43 x 1024
1.13X 1025
2.09 X 1025

Note: Adopted values are uncertain by a factor of -10.

1.08 X 1027 9.86 X 1026
1.04 x 1026 9,50 x 1025

6.48 X 1025

1.39 x 1026
4.44 x 1025
4.08 X 1025

1.23 x 1025
1.41 x 1025
2.20 x 1025

1.38 x 1025
2.30 X 10”
4.15 x 1025

1.06 x10”
2.22 x 1025
4.08 X 10®

5.89 X 1025

1.85 X 1026
5.93 x 1025
5.44 x 1023

1.11x 1025
1.28 X 1025
2,00 x 1025

1.32 X 1025
2.19x 10*
3,95 x 1025

0.94 x 1024
2.08 x10®
3.82 X 10®



